This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 

IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



THIS 



PAI *BLA NK 



llfllllllllllllllllUIIIIIIIIIIIIIIIIIIIIIIIIIIIIIINIUI 

(11) EP 1 164 454 A1 

(12) EUROPEAN PATENT APPLICATION 

published in accordance with Art. 158(3) EPC 



(43) Date of publication: 


(51) Int CI. 7 : G05F 1/10 


19.12.2001 Bulletin 2001/51 




(86) International application number: 


(21) Application number: 00987676.4 


PCT/JP00/09078 


(22) Date of filing: 21.12.2000 


(87) International publication number: 




WO 01/46767 (28.06.2001 Gazette 2001/26) 


(84) Designated Contracting States: 


(71) Applicant: Sony Corporation 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


Tokyo 141-0001 (JP) 


MC NL PT SE TR 




Designated Extension States: 


(72) Inventor: HASHIGUCHI, Akihiko 


AL LT LV MK RO SI 


Shinagawa-ku Tokyo 141-0001 (JP) 


(30) Priority: 22.12.1999 JP 36565799 


(74) Representative: Thevenet, Jean-Bruno 


22.12.1999 JP 36565899 


Cabinet Beau de Lomenie158, rue de I'Universite 


22.12.1999 JP 36565999 


75340 Paris Cedex 07 (FR) 



(54) VOLTAGE SUPPLY CIRCUIT AND METHOD OF CONTROLLING THE SAME 



Europaisches Patentamt 
(19) /tiff European Patent Office 

Office europeen des brevets 



CD 



(57) A voltage supply circuit capable of dealing with 
an abrupt change of a load by controlling an amount of 
increase of a power source voltage to be larger than an 
amount of reduction, supplying a stable operating power 
source voltage, and realizing lower power consumption 
while maintaining normal operation of a semiconductor 
integrated circuit is provided. By providing a replica cir- 
cuit (20), detecting a delay time of a critical path of an 
LSI (10), comparing a delay time detected by a control 
circuit (50) with a predetermined reference value, per- 
forming control to raise a voltage (V DD ) supplied to the 
LSI (1 0) when the delay time is larger than the reference 
value as a result of the comparison and to lower the volt- 
age (V DD ) supplied to the LSI (10) when the delay time 
is smaller than the reference value, and making the 
amount of increase at the time of raising the supplied 
voltage larger than the amount of reduction at the time 
of lowering it, when the supplied voltage (V DD ) becomes 
smaller than the reference value, it can be quickly re- 
stored to be larger than the reference value, the time 
when operating error of the LSI (10) may occur can be 
greatly shortened, and the operational stability of the 
voltage supply circuit can be improved. 
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Description 

TECHNICAL FIELD 

[0001 ] The present invention relates to a voltage sup- 
ply circuit, more particularly relates to a voltage supply 
circuit capable of realizing low. power consumption by 
supplying to a semiconductor integrated circuit a mini- 
mum operating power source voltage required for main- 
taining normal operation and a control method of the 
voltage. 

BACKGROUND ART 

[0002] The power consumption of a semiconductor in- 
tegrated circuit depends on the supplied operating pow- 
er source voltage. On the other hand, when the operat- 
ing power source voltage falls, the operating speed of 
the semiconductor integrated circuit falls. Accordingly, 
it is necessary to supply to the semiconductor integrated 
circuit a minimum operating power source voltage by 
which the operating speed of the semiconductor inte- 
grated circuit satisfies a predetermined reference value. 
[0003] Generally, as a means to realize lower power 
consumption of an LSI (large-scale semiconductor inte- 
grated circuit), the delay time of a critical path in the LSI 
is constantly monitored and the voltage supplied to the 
LSI is controlled so that the delay time of the critical path 
becomes shorter than a certain reference value. Due to 
this control, a minimum voltage enabling the LSI to 
maintain normal operation is supplied and a lower power 
consumption can be realized while maintaining normal 
operation of the LSI. 

[0004] A voltage supply circuit for supplying such a 
power source voltage normally comprises a replica cir- 
cuit for monitoring a delay time of a critical path of the 
semiconductor circuit, a delay detection circuit for de- 
tecting the delay time of the replica circuit, a voltage gen- 
eration circuit, and a control circuit for controlling a gen- 
erated voltage of the same. The voltage generated by 
the voltage generation circuit is supplied as an operating 
power source voltage to the semiconductor integrated 
circuit and the replica circuit, respectively. Normally, the 
replica circuit is designed to have about the same delay 
time as that of a critical path in the semiconductor inte- 
grated circuit. Also, it is designed to have a slightly long- 
er delay time than that of the critical path considering an 
operating margin of the LSI in some cases. 
[0005] As explained above, the operating speed of a 
semiconductor integrated circuit changes in accordance 
with the power source voltage supplied. For example, 
the operating speed is high when the supplied power 
source voltage is high and conversely, the operating 
speed becomes low when the supplied power source 
voltage is low. The replica circuit is supplied with the 
same operating power source voltage as that of the 
semiconductor integrated circuit and has almost the 
same delay time as that of the critical path of the semi- 



conductor integrated circuit, so the higher the supplied 
power source voltage, the shorter the delay time, and 
conversely the lower the supplied power source or volt- 
age, the longer the delay time. Therefore, whether or 
5 not the operating speed of the semiconductor integrated 
circuit satisfies a predetermined reference value can be 
judged by detecting the delay time of the replica circuit. 
[0006] The operating voltage supplied can be control- 
led by inputting a predetermined signal to the replica cir- 

10 cuit and detecting a time delay of an output signal cor- 
responding thereto. Here, as the input signal, for exam- 
ple a one shot pulse or a cyclic clock signal is input to 
the replica circuit. The delay time of the replica circuit 
can be detected in accordance with a time difference or 

75 a phase difference of an output signal of the replica cir- 
cuit andthe above input signal. Then, the detected delay 
time is compared with the predetermined reference val- 
ue and the generated voltage of the voltage generation 
circuit is controlled in accordance with the result of the 

zo comparison. For example, when the delay time of the 
replica circuit is largerthan the predetermined reference 
value, control is performed for raising an output voltage 
of the voltage generation circuit, while conversely, when 
the delay time of the replica circuit is smaller than or 

25 equal to the predetermined reference value, control is 
performed for lowering the output voltage of the voltage 
generation circuit. 

[0007] As a result of the above control, the semicon- 
ductor integrated circuit is supplied with a minimum volt- 
30 age for enabling normal operation and a lower power 
source consumption is attained. 

[0008] In the above conventional voltage supply cir- 
cuit explained above, however, when the delay time of 
the replica circuit detected by the delay detection circuit 

35 js larger than the p redetermined reference value and the 
supplied voltage has to be raised, operating errors of 
the semiconductor integrated circuit may occur if the 
output from the voltage generation circuit, that is, the 
operating power source voltage, is not promptly raised. 

40 The delay time of the semiconductor integrated circuit 
and the replica circuit may become larger than the ref- 
erence value when the circuit starts to operate or the 
load of the voltage generation circuit is abruptly in- 
creased. In this case, it is preferable that the supplied 

45 voltage of the voltage generation circuit be controlled to 
reach a desired voltage level in a short time to maintain 
the normal operation of the semiconductor integrated 
circuit. 

[0009] In a conventional voltage supply circuit, how- 
50 ever, there is a limit on the extent of control of the sup- 
plied voltage by the control circuit, so when it is neces- 
sary to quickly raise the supplied voltage, an operating 
delay arises and the operation of the semiconductor in- 
tegrated circuit may become unstable for a certain time. 
55 [0010] This will be explained in further detail with ref- 
erence to Fig 12 below. 

[001 1 ] For example, the control circuit detects that the 
delay time is largerthan the reference value at a time A 
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and requests the voltage generation circuit to raise the 
output voltage by a certain amount of increase. Howev- 
er, if the delay time is still larger than the predetermined 
reference value despite the amount of increase : the con- 
trol circuit again requests the voltage generation circuit 
to raise the output voltage at a time B. By repeating the 
same, finally., the level of the supplied voltage is control- 
led to be high so that the delay time does not exceed 
the predetermined reference value, but there is a pos- 
sibility that the semiconductor integrated circuit will not 
be able to normally operate during this time. 
[0012] By controlling the amount of increase of the 
output voltage of the voltage generation circuit to be 
large, it is possible to deal with abrupt changes of the 
load etc. and possible to alleviate the above problem to 
some extent. However, when it is detected that the delay 
time of the semiconductor integrated circuit is lowerthan 
the predetermined reference value and the control cir- 
cuit requests the voltage generation circuit to lower the 
output voltage, if the amount of reduction of the voltage 
is set to be large in the same way as the amount of in- 
crease, the operating voltage supplied abruptly falls and 
the semiconductor integrated circuit may become una- 
ble to normally operate. In this case, the control circuit 
may fall into an unstable condition of repeatedly re- 
questing the voltage generation circuit to raise and re- 
duce the amount of output voltage. 
[0013] Also, in the above conventional voltage supply 
circuit, to make the characteristics of the replica circuit 
completely equivalent to those of the critical path inside 
the actual LSI, it is necessary that not only the number 
of gates of the critical path but also the interconnection 
capacitance and resistance of the critical path all be ac- 
curately imitated. This is difficult in practice. Therefore, 
the delay time detected by the replica circuit does not 
always accord with the delay time of the critical path of 
the actual LSI. 

[0014] Here : as an example, the power source volt- 
age-delay characteristic of the critical path under certain 
operating conditions 1 is indicated by the line A in Fig. 
13, while the power source voltage-delay characteristic 
of the replica circuit for monitoring the delay time of the 
critical path is indicated by the line C. In a cycle T under 
the operating conditions, there is a difference of operat- 
ing voltages between the critical path and the replica cir- 
cuit of exactly AV. On the other hand, the power source 
voltage-delay characteristic of the critical path under 
certain operating conditions 2 is indicated by the line B 
in Fig. 13, while the power source voltage-delay char- 
acteristic of the replica circuit for monitoring the delay 
time of the critical path is indicated by the line D. In a 
cycle T under the operating conditions, there is a differ- 
ence of operating voltages between the critical path and 
the replica circuit of exactly AV. Such a difference in 
delay characteristics is caused for example by variability 
in the current capacity of transistors arising in the pro- 
duction process. In Fig. 13, AV is larger than AV 
(AV>AV). 



[0015] When, for example, a giving a power source 
voltage margin of exactly AV from the delay information 
of the replica circuit under the above conditions 2 to an 
LSI having such characteristics, under the operating 
5 conditions 1 of the LSI, the power source voltage be- 
comes insufficient by exactly (AV-AV) and the delay 
time increases and may lead to operating errors. Thus, 
in the case of such circuit characteristics, a margin of 
AV has to be added when controlling the power source 

to voltage considering the operating conditions 1 . 

[0016] However, this margin is excessive in the case 
of the operating conditions 2. The power source voltage 
adjusted exactly by the margin becomes higher than the 
minimum voltage for maintaining normal operation of 

*5 the LSI and results in wasteful power consumption. 
[0017] Furthermore, the delay characteristics of the 
LSI, that is, the relationship between the power source 
voltage supplied and the delay time, changes in accord- 
ance with conditions of producing the LSI. A delay of an 

20 LSI is determined by the sum of a gate delay and an RC 
interconnection delay. Among these, the gate delay is 
determined by the value of a load capacitance to be driv- 
en divided by a current value of the transistor. Since the 
current capacity of a transistor depending on the power 

25 source voltage supplied, the gate delay changes in ac- 
cordance with the power source voltage. On the other 
hand, the RC interconnection delay is constant regard- 
less of the operating voltage when the current capacity 
of the buffer to be driven is large. For example, it is gen- 

30 erally known that the time to shift to a power source volt- 
age V DD level can be approximated as (0.38xRxC). 
[0018] In production of an actual LSI, there are man- 
ufacturing variability in the-interconnection resistance 
and interconnection capacitance relating to the RC com- 

35 ponents and manufacturing variability in the current car- 
rying capacity of transistors relating to the gate delay of 
the transistors. Figure 14 is graph of the delay charac- 
teristic of a LSI, that is, the relationship of the power 
source voltage and the delay value. In Fig. 14, the line 

40 A indicates the characteristic of an LSI when it ends up 
as designed, the line B indicates the characteristic of an 
LSI when the current capacity of the transistor is lower 
than a design value and an interconnection resistance 
and interconnection capacitance end up as designed, 

45 the line C indicates the characteristic of an LSI when the 
current capacity of the transistor ends up as designed 
and the interconnection resistance and interconnection 
capacitance end up larger than the design values, the 
line D is an interconnection delay value when an inter- 

50 connection delay is given as designed, and the line E is 
an interconnection delay value when a larger intercon- 
nection delay than a design value is given. Namely, the 
component of the line D is included as an interconnec- 
tion delay value in the line A and line B s and the compo- 

55 nent of the line E is included as an interconnection delay 
value in the line C. 

[0019] As shown in Fig. 14, when there are several 
patterns of the operating voltage and delay time, the ex- 
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tent of the effect of a change in the operating voltage on 
the delay value becomes irregular, so it is difficult to de- 
termine how much the voltage has to be changed. Par- 
ticularly, if the voltage is lowered assuming the charac- 
teristic of the line C, when the characteristic of the actual 
LSI is that of the line B, the amount of variability of the 
delay becomes large, a delay value not satisfying the 
operating frequency specification is given, and operat- 
ing error may occur. 

DISCLOSURE OF INVENTION 

[0020] The present invention was made in consider- 
ation with the above circumstances and has as an object 
thereof to provide a voltage supply circuit capable of 
dealing with an abrupt change of a load and supplying 
a stable operating power source voltage by controlling 
an amount of increase and amount of reduction of an 
output voltage of a voltage generation circuit to be mu- 
tually different, capable of attaining a lower power con- 
sumption by deducing operating conditions of an LSI 
from delay information detected by a replica circuit and 
suitably correcting an operating voltage margin, and ca- 
pable of realizing lower power consumption by deducing 
operating conditions of the LSI by further detecting an 
amount of change of the delay information while main- 
taining normal operation of a semiconductor integrated 
circuit and a method of controlling the voltage. 
[0021 ] To attain the above object, a voltage supply cir- 
cuit according to a first aspect of the present invention 
comprises a functional circuit for performing predeter- 
mined processing in accordance with an input signal at 
an operating speed based on a power source voltage 
supplied and outputting a processing result after a pre- 
determined delay time from when said input signal is re- 
ceived, a delay detection circuit for detecting a delay 
time of said functional circuit, a control circuit for output- 
ting a control signal to control said power source voltage 
to raise or lower it in accordance with a delay time de- 
tected by said delay detection circuit and to make an 
amount of change at the time of raising said power 
source voltage larger than an amount of change at the 
time of lowering it, and a voltage generation circuit for 
generating a voltage in accordance with said control sig- 
nal and supplying it as said power source voltage to said 
functional circuit. 

[0022] Also, in the present invention, preferably said 
delay detection circuit comprises a replica circuit having 
about the same delay time as that of a critical path of 
said functional circuit and a delay time detection circuit 
for inputting a predetermined signal to said replica circuit 
and detecting a delay time of an output signal corre- 
sponding to the input signal. 

[0023] Also, in the present invention, preferably said 
control circuit comprises a comparison circuit for com- 
paring a delay time detected by said delay time detec- 
tion circuit with a reference value set in advance and 
outputs a control signal to raise the output voltage of 



said voltage generation circuit by a first amount of 
change when the result of said comparison is that said 
detected delay time is larger than said reference value 
and to lower the output voltage of said voltage genera- 

5 tion circuit by a second amount of change smaller than 
said first amount of change when the result is that said 
detected delay time is smallerthan said reference value. 
[0024] Alternatively, in the present invention, prefera- 
bly said control circuit comprises a means for finding a 

10 difference of a delay time detected by said delay time 
detection circuit and a reference value set in advance 
and a voltage change determining means for setting 
said amount of change of voltage in accordance with 
said difference of the delay time and the reference val- 

?5 ue. 

[0025] A voltage supply circuit according to a second 
aspect of the present invention comprises a functional 
circuit for performing predetermined processing in ac- 
cordance with an input signal at an operating speed 

20 based on a power source voltage supplied and output- 
ting a processing result after a predetermined delay time 
from when said input signal is received, a replica circuit 
having almost the same delay time as that of a critical 
path of said functional circuit, a delay detection circuit 

25 for detecting a delay time of said replica circuit, a control 
circuit for finding a power source voltage by which a de- 
lay time of the replica circuit satisfies a predetermined 
reference value in accordance with a delay time detect- 
ed by said delay detection circuit, finding a power source 

30 voltage to be supplied to said functional circuit based on 
a relationship of a power source voltage of said replica 
circuit and a power source voltage of said functional cir- 
cuit underthe same operating conditions, and outputting 
a control signal in accordance with the power source 

35 voltage, and a voltage generation circuit for generating 
a voltage in accordance with said control signal and sup- 
plying it as said power source voltage to said functional 
circuit. 

[0026] Also, the present invention preferably compris- 
<*0 es a 'database indicating a relationship of said replica 
circuit and a power source voltage supplied to said func- 
tional circuit so that a delay time of said replica circuit 
and a delay time of the critical path of said functional ' 
circuit becomes equal underthe same operating condi- 
4 $ tions, and said control circuit finds a voltage for supply- 
ing to said functional circuit corresponding to said found 
voltage for supplying to said replica circuit based on said 
database. 

[0027] Also, the present invention preferably compris- 
50 es a formula indicating a relationship of said replica cir- 
cuit and a power source voltage supplied to said func- 
tional circuit so that a delay time of said replica circuit 
and a delay time of the critical path of said functional 
circuit becomes equal under the same operating condi- 
55 tions, and said control circuit finds a voltage for supply- 
ing to said functional circuit corresponding to said found 
voltage forsupplying to said replica circuit based on said 
formula. 
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[0028] Furthermore, a voltage supply circuit accord- 
ing to a third aspect of the present invention comprises 
a functional circuit for performing predetermined 
processing in accordance with an input signal at an op- 
erating speed based on a power source voltage sup- 
plied and outputting a processing result after a prede- 
termined delay time from when said input signal is re- 
ceived, a delay detection circuit for detecting a delay 
time of said functional circuit, a control circuit for obtain- 
ing an amount of change of a delay time corresponding 
to an amount of change of said power source voltage in 
accordance with a delay time detected by said delay de- 
tection circuit, deducing production conditions based on 
information regarding a power source voltage and a de- 
lay time under different production conditions found in 
advance, finding a power source voltage to be supplied 
to said functional circuit under the deduced production 
conditions, and outputting a control signal in accordance 
with the power source voltage, and a voltage generation 
circuit for generating a voltage in accordance with said 
control signal and supplying it as said power source volt- 
age to said functional circuit. 

[0029] Also, the present invention preferably compris- 
es a database indicating a relationship of said power 
source voltage and delay time under different operating 
conditions, and said control circuit deduces production 
conditions based on an amount of change of said found 
power source voltage and an amount of change of said 
delay time and said database and finds a power source 
voltage by which said functional circuit normally oper- 
ates under the production conditions based on said da- 
tabase in accordance with said deduced production 
conditions. 

[0030] Also, in the present invention, preferably said 
control circuit comprises a first storage means for stor- 
ing a delay time detected at a previous time and a . set 
power source voltage and a second storage means for 
storing a delay time detected at a current time and a set 
power source voltage and calculates an amount of 
change of said power source voltage and an amount of 
change of a delay time in accordance therewith in ac- 
cordance with data stored in said first and second stor- 
age means. 

[0031] Also, the present invention preferably compris- 
es a replica circuit based on the critical path of said func- 
tional circuit, and said. delay detection circuit detects a 
delay time of said replica circuit. 

[0032] Also, a voltage control method according to a 
first aspect of the present invention is a voltage controf 
method for supplying a minimum power source voltage 
by which a functional circuit for performing a predeter- 
mined function normally operates, including the steps of 
detecting a delay time of said functional circuit, raising 
or lowering said power source voltage in accordance 
with said detected delay time, setting an amount of 
change at the time of raising said power source voltage 
larger than an amount of change at the time of lowering 
it, and changing said power source voltage in accord- 



ance with said set amount of change and supplying it to 
said functional circuit. 

[0033] Also, a voltage control method according to a 
second aspect of the present invention is a voltage con- 
5 trol method for supplying a minimum power source volt- 
age by which a f u nctional circuit for performing a prede- 
termined function normally operates, including the steps 
of detecting a delay time of a replica circuit for monitor- 
ing a delay time of said functional circuit, finding a power 
10 source voltage by which a delay time of the replica circuit 
satisfies a predetermined reference value in accord- 
ance with a detected delay time of said replica circuit, 
finding a power source voltage to be supplied to said 
functional circuit corresponding to said found power 
*5 source voltage of the replica circuit based on a relation- 
ship of a power source voltage supplied to said replica 
circuit and a power source voltage supplied to said func- 
tional circuit under the same operating conditions, and 
generating said found power source voltage to be sup- 
plied to the functional circuit and supplying it to said 
functional circuit. 

[0034] Also, a voltage control method according to a 
third aspect of the present invention is a voltage control 
method for supplying a minimum power source voltage 
by which a functional circuit for performing a predeter- 
mined function operates normally, including the steps of 
detecting a delay time of said functional circuit, obtaining 
an amount of change of a power source voltage supplied 
to the functional circuit and an amount of change of a 
delay time corresponding to the amount of change of 
the power source voltage in accordance with said de- 
tected delay time of the functional circuit, deducing pro- 
duction conditions based on said amount of change of 
the power source voltage and an amount of change of 
a delay time and a relation between the power source 
voltage and the delay time obtained in advance, finding 
a power source voltage to be supplied to said functional 
circuit under the deduced production conditions, and 
generating said power source voltage to be supplied 
and supplying it to said functional circuit. 
[0035] According to the present invention, a replica 
circuit having almost the same delay time as that of the 
critical path of a functional circuit is provided corre- 
sponding to the functional circuit for performing prede- 
termined processing in accordance with an input signal, 
and the functional circuit and the replica circuit are sup- 
plied with a power source voltage generated by a volt- 
age generation circuit. The delay time at the time a pre- 
determined input signal is input to the replica circuit is 
detected by the delay detection circuit, and a control cir- 
cuit controls the power source voltage supplied to raise 
or lower it in accordance with a result of comparing the 
detected delay time and a predetermined reference val- 
ue. Furthermore, by setting an amount of change of volt- 
age at the time of raising the power source voltage larger 
than an amount of change of voltage at the time of low- 
ering it, when the power source voltage falls due to a 
change of the load etc. and the delay time of the critical 
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path of the functional circuit exceeds the predetermined 
reference value, the power source voltage can be re- 
stored to the reference value or more in a short time, the 
probability of occurrence of operating error in the func- 
tional circuit can be kept low, and instability of voltage 
control can be eliminated by gradually lowering the volt- 
age level by small amounts at the time of lowering the 
power source voltage. 

[0036] Also, according to the present invention, when 
the delay times of the replica circuit and the functional 
circuit, that is, the critical path of the LSI, differ under 
the same operating conditions due to variability of sem- 
iconductor elements etc., the relationship of an operat- 
ing power source voltage of the replica circuit and an 
operating power source voltage of the LSI under differ- 
ent operating conditions are found in advance, the pow- 
er source voltage supplied to the replica circuit is found 
in accordance with the delay time of the replica circuit 
detected during circuit operation, and the power source 
voltage supplied to the LSI is found based on the rela- 
tionship of the operating power source voltage of the 
replica circuit and the operating power source voltage 
of the LSI found in advance. As a result, an error of the 
deduced operating power source voltage due to varia- 
bility of the delay times of the replica circuit and the func- 
tional circuit can be corrected, a minimum powersource 
voltage required for normally operating the LSI can be 
supplied, and a lower power consumption can be real- 
ized. 

[0037] Furthermore, according to the present inven- 
tion, when the delay characteristics of the functional cir- 
cuit, that is, the LSI, change due to variability of produc- 
tion conditions etc., the amount of change of the power 
source voltage supplied to the LSI and the amount of 
change of the delay time in accordance therewith are 
detected, a database indicating the relationship of the- 
power source voltage and delay time of the LSI under 
different production conditions is found in advance, an 
amount of change of the power source voltage supplied 
and an amount of change of the delay time can be found 
in accordance with the delay time of the LSI detected 
during circuit operation, the production conditions of the 
LSI can be deduced by referring to the database, and a 
power source voltage to be supplied to the LSI can be 
found based on the deduced production conditions. 
[0038] As a result, estimation error of a power source 
voltage due to variability of production conditions of the 
LSI can be corrected, a minimum power source voltage 
required for operating the LSI normally can be supplied, 
and a lower power consumption can be realized. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0039] 

Figure 1 is a circuit diagram of a first embodiment 
of a voltage supply circuit according to the present 
invention. 



Figure 2 is a flow chart of an operation of the voltage 
supply circuit of the first embodiment. 
Figure 3 is a view of a waveform of a supplied volt- 
age of the voltage supply circuit of the first embod- 
5 iment. 

Figure 4 is a circuit diagram of a second embodi- 
ment of a voltage supply circuit according to the 
present invention. 

Figure 5 is a flow chart of an operation of the voltage 
10 supply circuit of the second embodiment. 

Figure 6 is a view of a database indicating the rela- 
tionship of a supplied voltage of a replica circuit and 
• the supplied voltage of an LSI. 

Figure 7 is a graph indicating the relationship of a 
75 supplied voltage of the replica circuit and a supplied 
voltage of the LSI under different operating condi- 
tions. 

Figure 8 is a circuit diagram of a third embodiment 
of a voltage supply circuit according to the present 
20 invention. 

Figure 9 is a view of a change of delay characteris- 
tics of an LSI in accordance with production condi- 
tions. 

Figure 1 0 is a view of a database indicating the re- 
25 lationship of an operating voltage and delay value 

of an LSI. 

Figure .11 is a flow chart of an operation of the volt- 
age supply circuit in Fig. 1 . 

Figure 1 2 is a view of a waveform of a supplied volt- 
30 age of a conventional voltage supply circuit. 

Figure 13 is a graph of the relationship of an oper- 
ating voltage of a replica circuit and an operating 
voltage of an LSI under different operating condi- 
tions. 

35 Figure 14 is a graph of the relationship of an oper- 
ating voltage and delay time of an LSI. 

BEST MODE FOR CARRYING OUT THE INVENTION 

40 First Embodiment 

[0040] Figure 1 is a circuit diagram of a first embodi- 
ment of a voltage supply circuit according to the present 
invention. 

^5 [0041 ] As shown in the figure , a voltage supply circuit 
1 00 of the present embodiment comprises an input sig- 
nal generation circuit 30, a replica circuit 20, a delay de- 
tection circuit 40, a control circuit 50, and a voltage gen- 
eration circuit 60. A power source voltage V DD output by 

50 the voltage supply circuit 100 is supplied to an LSI 10 
and the replica circuit 20. 

[0042] The LSI 1 0 is a functional circuit having a pre- 
determined processing function and performs predeter- 
mined signal processing in accordance with an input sig- 
55 nal and outputs the processing result. 

[0043] The replica circuit 20 is designed correspond- 
ing to a critical path of the LSI 10 and is a circuit for 
monitoring a delay time of the critical path of the LS1 1 0. 
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Since the replica circuit 20 and the LSI 1 0 are supplied 
with the same operating power source voltage V DD , the 
replica circuit 20 has almost the same delay time as that 
of the critical path of the LSI 10 in accordance with a 
change of the power source voltage V DD . 
[0044] The input signal generation circuit 30 gener- 
ates a signal S in for input to the replica circuit 20. Here, 
the input signal S^ generated by the input signal gener- 
ation circuit 30 is, for example, a one shot pulse or a 
cyclic clock signal. 

[0045] The replica circuit 20 outputs a delay signal S D 
obtained by delaying the input signal S jn by a predeter- 
mined delay time T D . The delay detection circuit 40 de- 
tects the delay time T D of the output signal S D of the 
replica circuit 20 with respect to the input signal S jn and 
outputs delay data D L . 

[0046] The control circuit 50 outputs a control signal 
S c for controlling a generated voltage to the voltage 
generation circuit 60 in accordance with the delay data 
D L output by the delay detection circuit 40. The control 
circuit 50 compares the input delay data D L with a pre- 
determined reference value D R and outputs a control 
signal S c to raise or lower the generated voltage in ac- 
cordance with the result of the comparison. In the volt- 
age supply circuit 100 of the present embodiment, the 
amount of change of voltage is controlled to be different 
when the control circuit 50 controls the output voltage 
V DD of the voltage generation circuit 60 to raise or lower 
it. 

[0047] The voltage generation circuit 60 controls a 
level of the voltage V DD generated in accordance with 
the control signal S c from the control circuit 50 and sup- 
plies the generated voltage V DD to the LSI 10 and the 
replica circuit 20. 

[0048] Figure 2 is a flow chart of an operation of the 
voltage supply circuit 100 of the present embodiment. 
Below, the operation of the voltage supply circuit 1 00 of 
the present embodiment will be explained in detail with 
reference to Fig. 1 and Fig. 2. 

[0049] In the flow chart in Fig. 2, step S1 is performed 
by the delay detection circuit 40 ; while steps S2 to S6 
are control steps performed by the control circuit 50. 
[0050] First, at step S1 , a delay time T D of the replica 
circuit 20 is detected by the delay detection circuit 40, 
and delay data D L in accordance therewith is output. 
The control circuit 50 receives the delay data D L . and 
obtains the delay information of the LSI 10 (step S2). 
Then, the control circuit 50 determines whether the pow- 
er source voltage V DD to be supplied to the LSI 10 is to 
be raised, lowered, or maintained in level based on the 
delay information (step S3). For example, the control cir- 
cuit 50 compares the input delay data D L with the pre- 
determined reference value D R and, when the delay da- 
ta D L is larger than the reference value D Ri judges that 
the operating speed of the LSI 10 does not satisfy the 
predetermined reference value and decides to lower the 
power source voltage V DD . On the other hand, when the 
delay data D L and the reference value D R are almost 
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the same, it decides to maintain the power source volt- 
age V DD at that level. 

[0051] Next, the control circuit 50 determines the 
amount of change of the power source voltage V DD sup- 
5 plied by the voltage supply circuit 60 (step S4). For ex- 
ample, when the amount of increase is AV A when raising 
the power source voltage V DD and the amount of reduc- 
tion is AV B when lowering the powersource voltage V DD: 
the control circuit 50 controls the voltage to satisfy 

10 AV A >AV B . By setting the amount of increase AV A of the 
power source voltage V DD large, when it is judged that 
the delay time of the LSI 1 0 is larger than the reference 
value, it becomes possible to quickly raise the power 
source voltage V DD supplied to return the delay time of 

15 the LS1 1 0 to a normal value in a short time and to short- 
en the time when operating error may occur. When it is 
judged that the delay time of the LSI 10 is smaller than 
the reference value, it is possible to prevent the opera- 
tion from becoming unstable because of an abrupt fall 

20 of the power source voltage V DD by not abruptly lower- 
ing the powersource voltage V DD supplied to the LSI 10 
but by gradually lowering it by small amounts. 
[0052] The control circuit 50 determines the amount 
of change of the power source voltage V DD as explained 

25 above and adds a necessary margin to that to determine 
the supplied voltage V DD of the voltage generation cir- 
cuit 60 and outputs a control signal S c in accordance 
therewith to the voltage generation circuit 60 (steps S5 
and S6). In accordance with this, the voltage generation 

30 circuit 60 generates the power source voltage V DD 
based on the instruction of the control circuit 50 and sup- 
plies the same to the LSI 1 0 and the replica circuit 20 
(step S7). 

[0053] Figure 3 is a view of an example of the supplied 

35 voltage V DD of the voltage generation circuit 60 obtained 
by the above explained control. As shown in the figure, 
the control circuit 50 detects that the delay data D L be- 
comes larger than the reference value D R at a time D, 
determines in accordance therewith an amount of in- 

40 crease for raising the supplied voltage of the voltage 
generation circuit and a voltage margin, and outputs a 
control signal S c . In accordance with this, the supplied 
voltage V DD is raised by an amount of increase AV A by 
the voltage generation circuit 60. As a result the power 

45 source voltage V DD is quickly raised to reach a desired - 
voltage value V P at a time F. The LSI 10 can normally 
operate by this voltage. Due to such control, a time At 
from the start of the control to when operating error is 
prevented is short and the effect caused by operating 

50 error can be kept to a minimum. 

[0054] At a time E, the power source voltage V DD fully 
reaches the amount of increase AV A determined by the 
control circuit 50. At this time, it is already detected by 
the control circuit 50 that the delay time T D of the replica 

55 circuit has become smaller than the predetermined ref- 
erence value. In accordance with this, the control circuit 
50 determines an amount of reduction for lowering the 
supplied voltage V DD of the voltage generation circuit 
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60 and a voltage margin and outputs a control signal S c . 
In accordance therewith, the supplied voltage V DD of the 
voltage generation circuit 60 falls by an amount of re- 
duction of AV B . Finally, the supplied voltage V DD is sta- 
bilized to a level higher than a desired voltage value VD 
exactly by an amount of a voltage margin AV M . 
[0055] Note that the amount of increase AV A and the 
amount of reduction AV B of the supplied voltage V DD set 
by the control circuit 50 are fixed values set in advance 
in the above control, but control of the amount of change 
of the supplied voltage is not limited to that. For exam- 
ple, the amount of change of the voltage can be made 
variable and the amount of change of the supplied volt- 
a 9 e v dd can De controlled in accordance with the delay 
data D L found by the delay detection circuit 40. For ex- 
ample, by controlling an amount of change of the sup- 
plied voltage V DD in accordance with a result of compar- 
ison of the delay data D L with a reference value D R set 
in advance, controlling the amount of change of the sup- 
plied voltage V DD to be large when the difference be- 
tween the delay data D L and the reference value D R is 
large, and conversely controlling the amount of change 
of the supplied voltage V DD to be small when the differ- 
ence between the delay data D L and the reference value 
D R is small, the operating power source voltage V DD of 
the LSI can be raised or lowered exactly by a necessary 
amount, so the most suitable control can be realized. 
[0056] As explained above, according to the present 
embodiment, by providing the replica circuit 20, detect- 
ing a delay time of the critical path of the LSI 10, com- 
paring the delay time detected by the control circuit 50 
with a predetermined reference value, performing con- 
trol to raise a voltage V DD supplied to the LSI 10 when 
the result of the comparison is that the delay time is larg- 
er than the reference value and to lower the voltage V DD 
supplied to the LSI 10 when the result is that the delay 
time is smaller than the reference value, and controlling 
the amount of increase at the time of raising the supplied 
voltage V DD to be larger than the amount of reduction 
at the time of lowering it, when the supplied voltage V DD 
falls below the reference value, the supplied voltage V DD 
can be quickly restored to be larger than the reference 
value, the time when operating error of the LSI 10 can 
occur can be greatly shortened, and the operational sta- 
bility of the voltage supply circuit can be improved. 

Second Embodiment 

[0057] Figure 4 is a circuit diagram of a second em- 
bodiment of a voltage supply circuit according to the 
present invention. 

[0058] As shown in the figure, a voltage supply circuit 
1 00a of the present embodiment comprises an input sig- 
nal generation circuit 30, a replica circuit 20, a delay de- 
tection circuit 40, a control circuit 50a, a voltage gener- 
ation circuit 60, and a database 70a. A power source 
voltage V DD output by the voltage supply circuit 1 00a is 
supplied to an LSI 1 0 and the replica circuit 20. 



[0059] The LSI 1 0 is a functional circuit having a pre- 
determined processing function and performs predeter- 
mined signal processing in accordance with an input sig- 
nal and outputs the processing result. 

5 [0060] The replica circuit 20 is designed correspond- 
ing to a critical path of the LSI 10 and is a circuit for 
monitoring a delay time of the critical path of the LSI 1 0 . 
Since the replica circuit 20 and the LSI 10 are supplied 
with the same operating power source voltage V DD , the 

10 replica circuit 20 has almost the same delay time as that 
of the critical path of the LSI 10 in accordance with a 
change of the power source voltage V DD . However, in 
actuality, due to variability in the production process and 
other factors, the delay time of. the replica circuit 20 may 

15 differ from the delay time of the critical path of the LSI 
1 0 even if the operating conditions are the same. There- 
fore, the delay time detected by the replica circuit 20 has 
to be corrected in accordance with the operating condi- 
tions. The correction is made for example by the control 

20 circuit 50a. Note that the correction will be explained in 
further detail later. 

[0061] The input signal generation circuit 30 gener- 
ates a signal S jn for input to the replica circuit 20. Here, 
the input signal S jn generated by the input signal gener- 
is ation circuit 30 is, for example, a one shot pulse or a 
cyclic clock signal. 

[0062] The replica circuit 20 outputs a delay signal S D 
obtained by delaying the input signal S in by a predeter- 
mined delay time T D . The delay detection circuit 40 de- 
30 tects the delay time T D of the output signal S D of the 
replica circuit 20 with respect to the input signal S in and 
outputs delay data D L . 

[0063] The control circuit 50a outputs a control signal 
S c for controlling a generated voltage to the voltage 

35 generation circuit 60 in accordance with the delay data 
D L output by the delay detection circuit 40. The control 
circuit 50a actually calculates a voltage margin based 
on the input delay data D L and sets a. value including 
the margin as a supplied voltage. Note that there are a 

40 variety of methods for determining the voltage margin, 
but for example, a database 70a indicating the relation- 
ship between the delay time of the replica circuit 20 and 
the voltage margin is prepared in advance based on the 
actually measured data. The database 70a stores data 

45 indicating the relationship between a power source volt- 
age required by a critical path inside the LSI and a set 
voltage to the replica circuit 20 through evaluation of the 
characteristics of the LSI 1 0 in advance. 
[0064] The control circuit 50a can find the set voltage 

50 of the replica circuit 20 in accordance with a detected 
delay time of the replica circuit and find a voltage margin 
required by the critical path of the LSI 10 based on the 
database 70a. 

[0065] It is also possible, based on actually measured 
55 data, to devise a formula defining the relationship of the 
delay characteristics of the replica circuit and the volt- 
age margin and to have the control circuit 50a calculate 
the necessary voltage margin by using the formula in 
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accordance with the detected delay time of the replica 

circuit.. 

[0066] The control circuit 50a outputs a control signal 
S c for controlling an output voltage V DD of the voltage 
generation circuit 60 in accordance with the found volt- 
age margin. 

[0067] The voltage generation circuit 60 controls the 
level of the voltage V DD generated in accordance with 
the control signal S c from the control circuit 50a and 
supplies the generated voltage V DD to the LSI 10 and 
the replica circuit 20. 

[0068] Figure 5 is a flow chart of the operation of the 
voltage supply circuit 100a of the present embodiment. 
Below, the operation of the voltage supply circuit 100a 
of the present embodiment will be explained in detail 
with reference to Fig. 4 and Fig. 5. 
[0069] First, at step SS1 , the delay time of the replica 
circuit 20 is detected by the delay detection circuit 40 
and delay data D L is prepared in accordance therewith. 
[0070] At step SS2, the control circuit 50a receives 
the delay data D L and obtains delay information. Next, 
based on the obtained delay information, as shown at 
step SS3, it refers to the correlated data of changes in 
voltage and changes in delay time under different con- 
ditions to find the amount of change of voltage and the 
amount of change of the delay and, based on these, de- 
termines the margin of a supplied voltage at step SS4. 
[0071] The control circuit 50a determines a supplied 
voltage in accordance with the above information (step 
SS5) and output a control signal S c to the voltage gen- 
eration circuit 60. 

[0072] The voltage generation circuit 60 controls the 
generated voltage in accordance with the control signal 
S c from the control circuit 50a and supplies the voltage 
as an operating power source voltage to the LSI 1 0 and 
the replica circuit 20 (step SS6). 

[0073] Figure 6 is a view of an example of a database 
for finding a power source voltage V DD to be supplied to 
the actual LSI 10 based on the detected delay time of 
the replica circuit. Figure 6(a)is a view of an example of 
a database indicating the relationship of the actual volt- 
age for supply to the LSI 10 and the voltage for supply 
to the replica circuit 20. As shown in the figure, for ex- 
ample when 3.0V of a supplied voltage is necessary for 
the replica circuit, based on the delay time of the replica 
circuit 20, the voltage to be supplied to the LSI 10 is 
3.3V. Under other operating conditions, when 3.2V of a 
supplied voltage is necessary for the replica circuit, the 
voltage to be supplied to the LSI 10 is 3.6V. In this way, 
the voltage to be supplied to the actual LSI can be found 
from the voltage for supply to the repiica circuit 20 in 
accordance with the database in Fig. 6(a). 
[0074] Figure 6(b) is an example of a database con- 
structed by differential data of the voltage to be supplied, 
to the actual LSI and a voltage supplied to the replica 
circuit. As shown in the figure, for example, in accord- 
ance with the detected delay time of the replica circuit 
20, when a voltage of 3.0V is required to be supplied to 



the replica circuit, the voltage supplied to the actual LSI 
is found to be a voltage higher than that by 0.3V, that is, 
3.3V. Under other conditions, when a voltage of 3.2V is 
required to be supplied to the replica circuit, it can be 
5 judged that a voltage to be supplied to the LSI 10 is a 
voltage further higher than that by 0.4V } that is, 3.6V 
should be supplied. 

[0075] Figure 7 is a graph of the voltages to be sup- 
plied to the replica circuit 20 and the LSI 1 0 under two 

10 operating conditions 3 and 4. In Fig. 7. the power source 
voltage-delay characteristic of the replica circuit under 
operating conditions 3 is indicated by a line G, and the 
power source voltage-delay characteristic of the critical 
path of an actual LSI is indicated by a line E. Also, the 

15 power source voltage-delay characteristic of the replica 
circuit under the operating conditions 4 is indicated by 
a line H, and the power source voltage-delay character- 
istic of the critical path of an actual LSI is indicated by a 
. line F. As shown in the figure, under the operating con- 

20 ditions 3, when operating by the same delay time and, 
for example, a power source voltage of 3.2V has to be 
supplied to the replica circuit in a cycle T, a power source 
voltage of 3.6V should be supplied to the actual LSI. Un- 
der the operating conditions 4, when a power source 

25 voltage of 3.6V should be supplied to the replica circuit, 
a power source voltage of 3.3V should be supplied to 
the actual LSI. 

[0076] In the control circuit 50a , to find the voltage to 
be supplied to an actual LSI 10 in accordance with the 

30 delay time of the replica circuit 20, it is also possible to 
calculate the voltage to be supplied to the LSI based on 
the relationship of a supplied voltage of the replica circuit 
and a supplied voltage of the LSI found in advance in 
addition to the above database. For example, when the 

35 voltage to be supplied to the LSI is V DDL and the voltage 
to be supplied to the replica circuit is V DDR , the relation- 
ship of the voltage V DDL supplied to the LS I and the volt- 
age V DDR supplied to the replica circuit can be defined 
by the relationship expressed by the following formula 

40 in accordance with delay characteristics of the LSI and 
replica circuit found in advance: - 

V D dl = v ddr x 0.5+1.8 (1) 

45 

[0077] The control circuit 50a first calculates a voltage 
V DDR to be supplied to the replica circuit 20 in accord- 
ance with the detected delay time of the replica circuit 
20. Then, it finds the voltage V DDL to be supplied to the 

50 actual LSI in accordance with the formula (1 ). The con- 
trol circuit 50a outputs a control signal S c to the voltage 
generation circuit 60 in accordance with the output sup- 
plied voltage V DDL . The voltage generation circuit 60 
controls the level of the voltage generated in accord- 

55 ance with the control signal S c and supplies the gener- 
ated voltage as a power source voltage to the LSI 10 
and the replica circuit 20. 
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[0078] As explained above, according to the present 
embodiment, a replica circuit 20 for monitoring the delay 
time of the critical path of the LSI 10 is provided, the 
delay time of the replica circuit 20 is detected by the de- 
lay detection circuit 40, a supplied voltage by which the 
delay time of the replica circuit 20 satisfies a predeter- 
mined reference is found in accordance with the detect- 
ed delay time, the voltage to be supplied to the actual 
LSI 10 is found based on the database or a formula 
found in advance, and, in accordance therewith, a con- 
trol signal S c is output. The voltage generation circuit 60 
controls the voltage generated in accordance with the 
control signal and supplies the same as an operating 
power source voltage to the LSI 10, so the voltage to be 
supplied to the LSI is found in accordance with an error 
of the delay time of the replica circuit and the delay time 
of the critical path of the LSI caused by variability etc. in 
the production process, a minimum power source volt- 
age necessary for operating the LSI normally under a 
variety of operating conditions can be supplied, and a 
lower power consumption can be realized. 

Third Embodiment 

[0079] Figure 8 is a circuit diagram of a third embod- 
iment of a voltage supply circuit according to the present 
invention. 

[0080] As shown in the figure, a voltage supply circuit 
1 1 0 of the present embodiment comprises a replica cir- 
cuit 20, an input signal generation circuit 30, a delay de- 
tection circuit 40, a control circuit 50b } a voltage gener- 
ation circuit 60, a database 70b, and registers 80 and 
90. A power source voltage V DD output by the voltage 
supply circuit 100 is supplied to the LSI 10 and the rep- 
lica circuit 20. The database 70b includes data indicat- 
ing the relationship of a power source voltage and a de- 
lay time under a plurality of different production condi- 
tions found in advance. The register 80 stores a power 
source voltage set by the control circuit 50b the current 
time and a delay value corresponding thereto, while the 
register 90 stores a power source voltage set by the con- 
trol circuit 50b the previous time and a delay value cor- 
responding thereto. 

[0081] The LS1 10 is a functional circuit having a pre- 
determined processing function and performs predeter- 
mined signal processing in accordance with an input sig- 
nal and outputs the processing result. 
[0082] The replica circuit 20 is designed correspond- 
ing to a critical path of the LSI 10 and is a circuit for 
monitoring a delay time of the critical path of the LSI 1 0. 
The replica circuit 20 and the LSI 10 are supplied with 
the same operating power source voltage V DD , so the 
replica circuit 20 has almost the same delay time as that 
of the critical path of the LSI 10 in accordance with a 
change of the power source voltage V DD . 
[0083] The input signal generation circuit 30 gener- 
ates a signal S jn for input to the replica circuit 20. Here, 
the input signal S ln generated by the input signal gener- 



ation circuit 30 is, for example, a one shot pulse or a 
cyclic clock signal. 

[0084] The replica circuit 20 outputs a delay signal S D 
obtained by delaying the input signal S jn by a predeter- 

5 mined delay time T D . 

[0085] The control circuit 50b, in accordance with the 
delay data D L output by the delay detection circuit 40, 
finds an amount of change of a power source voltage 
and a delay time, refers to data in the database 70b, and 

10 outputs a control signal S c to the voltage generation cir- 
cuit 60. 

[0086] The control circuit 50b finds a power source 
voltage to be supplied to the LSI in accordance with the 
delay data D L found from the delay detection circuit 40. 
15 Furthermore, based on a power source voltage and a 
delay time of the previous time and a power source volt- 
age and delay time found the current time stored in the 
registers 80 and 90, it finds the amount of change of the 
power source voltage and the amount of change of the 
delay time in accordance with this, deduces production 
conditions of the LSI 1 0, finds the power source voltage 
to be supplied to the LSI 1 0 based on the deduced pro- 
duction conditions, and outputs a control signal S c for 
controlling the output voltage V DD of the voltage gener- 
ation circuit 60. 

[0087] The voltage generation circuit 60 controls the 
level of the voltage V DD generated in accordance with 
the control signal S c from the control circuit 50b and 
supplies the generated voltage V DD to the LSI 10 and 
the replica circuit 20. 

[0088] Figure 9 is a graph of the delay characteristic 
of the LSI , that is, the relationship of an operating power 
source voltage V DD of the LSI and the delay value D L . 
In the ideal case, the delay characteristic of the LSI does 
not vary due to operating conditions etc. and preferably 
becomes all equal. However, due to variability in the pro- 
duction process and other causes, the delay character- 
istic of the LSI differs due to the differences of production . 
conditions etc. even under the same design conditions. 
[0089] The delay characteristic of an LSI is deter-, 
mined by the current capacity of the transistors, inter- 
connection resistance, and interconnection capaci- 
tance. In Fig. 9, one delay characteristic is obtained for 
an LSI under production conditions A, for example, 
when the current capacity of the transistors becomes as 
designed and the interconnection resistance and inter- 
connection capacitance end up larger than the design 
values. Also, a different delay characteristic is obtained 
for an LSI from the case of the condition A under pro- 
duction conditions B, for example, when the current ca- 
pacity of the transistors becomes lower than the design 
value and the interconnection resistance and intercon- 
nection capacitance end up as designed. Namely, even 
if LSIs have the same design conditions, for example, 
two delay characteristics may be given under the con- 
ditions A and B as shown in Fig. 9 due to differences of 
the production conditions. Furthermore, to give an LSI 
a predetermined delay value D LO , it is necessary to sup- 
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ply a power source voltage of 3.0V under the conditions 
A and a power source voltage of 3.1V under the condi- 
tions B. Accordingly, when controlling the power source 
voltage supplied in accordance with the delay data D L , 
it is necessary to obtain the production conditions of the 
LSI and to find the power source voltage to be supplied 
to the LSI based on the delay characteristic under the 
production conditions. Below : a method of finding the 
production conditions in the voltage supply circuit 110 
of the present embodiment will be explained. 
[0090] In the voltage supply circuit 110 shown in Fig. 
8, for example, when detecting a delay time of the rep- 
lica circuit 20 by the delay detection circuit and control- 
ling the power source voltage Vq D to be supplied in ac- 
cordance with the found delay data D L , the same delay 
value is obtained under the conditions A and conditions 
B when a power source voltage of 3.3V is supplied. At 
this time, it is not possible to judge under which condi- 
tions A or B the LSI 10 was produced. When detecting 
a delay value D L when lowering the power source volt- 
age V DD for example by 0.1 V, if the delay value changes 
exactly by Ad, the LSI can be judged to have been pro- 
duced under the conditions B, so it is judged that the 
power source voltage V DD to be supplied to the LSI can 
be reduced to 3.1V. Also, when lowering the power 
source voltage V DD by 0.1 V, if the delay value changes 
exactly by Ad', it can be judged that the LSI was pro- 
duced under the conditions A, so it is judged that the 
power source voltage V DD to be supplied can be re- 
duced to 3.0V. 

[0091 ] In the voltage supply circuit 1 1 0 of the present 
embodiment, a database indicating the relationship of 
the power source voltage V DD and the delay value D L 
under different production conditions of the LSI is pre- 
pared in advance. When the voltage supply circuit 110 
operates, it is possible to refer to the database so as to 
find the production conditions of the LSI in accordance 
with an amount of change of the power source voltage 
V DD and the amount of change of the delay value cor- 
responding to the amount of change and find the mini- 
mum supplied voltage under the obtained production 
conditions. 

[0092] Figure 10 is a view of an example of the data- 
base. As shown in the figure, delay values A1 to A17 
and B1 to B17 under the respective production condi- 
tions A and B are found in advance for different supply 
power source voltages. As shown in the figure, for ex- 
ample when the supplied voltage is 3.3V, the delay value 
becomes the same A9 under both conditions A and B, 
so the production conditions of the LSI cannot be de- 
duced only by this information. When the supplied volt- 
age slightly changes, for example, when the supplied 
voltage is changed by 0.1V, by detecting the change of 
the delay value in accordance therewith, the amount of 
change of the delay value with respect to an amount of 
change of the voltage can be found. When information 
of the amount of change of the power source voltage 
V DD and the amount of change of the delay value D L is 



20 

obtained, the production conditions can be deduced 
based on the database shown in Fig. 10, and a minimum 
power source voltage necessary for the LSI to be able 
to operate normally can be found under the deduced 
5 production conditions. 

[0093] Figure 11 is a flowchart of the flow of voltage 
control in the voltage supply circuit of the present em- 
bodiment. Below, the operation of the voltage supply cir- 
cuit 110 of the present embodiment will be explained 

10 with reference to Fig. 11. 

[0094] First, at step SP1 , a delay time of the replica 
circuit 20 is detected by the delay detection circuit 40 
and delay data D L is prepared in accordance therewith. 
[0095] At step SP2, the control circuit 50b receives 

15 delay data D L and obtains the delay information. Then, 
based on the obtained delay information, as shown at 
step SP3, it refers to the correlated data of the change 
in voltage and change in delay time under the different 
conditions to find the amount of change of voltage and 

20 amount of change of delay, and, based thereon, obtains 
the production conditions of the actual LSI at step SP4. 
[0096] The control circuit 50b determines the supplied 
voltage in accordance with the above information and 
outputs a control signal S c to the voltage generation cir- 

25 cuit 60 (step SP5). 

[0097] The voltage generation circuit 60 controls the 
voltage generated in accordance with the control signal 
S c from the control circuit 50b and supplies the voltage 
as an operating power source voltage to the LSI 1 0 and 

30 the replica 20 (step SP6). 

[0098] As explained above, according to the present 
embodiment, a replica circuit 20 for monitoring the delay 
time of the critical path of the LSI 10 is provided, the 
delay time of the replica circuit 20 is detected by the de- 

35 lay detection circuit 40, delay information of the LSI is 
found, production conditions are deduced based on the 
database indicating the relationship of an operating 
power source voltage and the delay value under differ- 
ent production conditions found in advance in accord- 

40 ance with an amount of change of the delay value with 
respect to an amount of change of the supplied voltage, 
and the voltage generation circuit 60 is made to gener- 
ate the same, so it is possible to deal with changes of 
delay characteristics of LSIs caused by variability in the 

45 production process, a minimum power source voltage 
required to normally operate the LSI under a variety of 
operating conditions can be supplied, and a lower power 
consumption can be realized. 



[0099] As explained above, according to the voltage 
supply circuit and voltage control method of the present 
invention, a voltage supply circuit capable of supplying 
55 the minimum voltage necessary for maintaining normal 
operation of an LSI, controlling the supplied voltage to 
rapidly rise when the operating speed of the LSI declines 
due to a load change etc., greatly reduced in the prob- 
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ability of occurrence of operating error in the LSI, real- 
izing a lower power consumption, and improved in sta- 
bility of operation can be realized. 
[0100] Also, according to the voltage supply circuit 
and the voltage control method of the present invention, 
the variability of delay times of the critical path of the 
replica circuit and the actual LS I can be co rrected, a min- 
imum power source voltage enabling normal operation 
of the LSI to be maintained under a variety of operating 
conditions can be supplied; error in estimation of the de- 
lay time due to production variability can be prevented, 
and the most suitable operating power source voltage 
can be supplied to the LSI to realize a lower power con- 
sumption. 

[0101] Furthermore, according to the voltage supply 
circuit and the voltage control method of the present in- 
vention, it is possible to deal with fluctuations of the de- 
lay characteristic due to variability of normal operating 
conditions of the LSI, to find an amount of change of an 
operating voltage and an amount of change of a delay 
value in accordance with detected delay information, to 
deduce production conditions of the LSI in accordance 
with a database found in advance, and to supply a min- 
imum power source voltage under the deduced produc- 
tion conditions, so there are advantages that error in es- 
timation of the delay time due to variability of production 
conditions can be prevented and the most suitable op- 
erating power source voltage can be supplied to the LSI 
to realize a lower power consumption. 

Claims 

1 . A voltage supply circuit comprising: 

a functional circuit for performing predeter- 
mined processing in accordance,with an input 
signal at an operating speed based on a power 
source voltage supplied and outputting a 
processing result after a predetermined delay 
time from when said input signal is received, 
a delay detection circuit for detecting a delay 
time of said functional circuit, 
a control circuit for outputting a control signal 
to control said power source voltage to raise or 
lower it in accordance with a delay time detect- 
ed by said delay detection circuit and to make 
an amount of change at the time of raising said 
power source voltage larger than an amount of 
change at the time of lowering it, and 
a voltage generation circuit for generating a 
voltage in accordance with said control signal 
and supplying it as said power source voltage 
to said functional circuit. 

2. A voltage supply circuit as set forth in claim 1 , 
wherein said delay detection circuit comprises 



a replica circuit having substantially the same 
delay time as that of a critical path of said func- 
tional circuit and 

a delay time detection circuit for inputting a pre- 
5 determined signal to said replica circuit and de- 

tecting a delay time of an output signal corre- 
sponding to the input signal. 

3. A voltage supply circuit as set forth in claim 1, 
10 wherein said control circuit 

comprises a comparison circuit for comparing 
a delay time detected by said delay time detec- 
tion circuit with a reference value set in ad- 

'5 vance, and 

outputs a control signal to raise the output volt- 
age of said voltage generation circuit by a first 
amount of change when the result of said com- 
parison is that said detected delay time is larger 

^° than said reference value and to lower the out- 

put voltage of said voltage generation circuit by 
a second amount of change smaller than said 
first amount of change when the result is that 
said detected delay time is smaller than said 

25 reference value. 

4. A voltage supply circuit as set forth in claim 1, 
wherein said control circuit comprises 

30 a means for finding a difference of a delay time 

detected by said delay time detection circuit 
and a reference value set in advance and 
a voltage change determining means for setting 
said amount of change of voltage in accord- 

35 ance with said difference of the delay time and 

the reference value. 

5. A voltage supply circuit comprising 

40 a functional circuit for performing predeter- 

mined processing in accordance with an input 
signal at an operating speed based on a power 
source voltage supplied and outputting a 
processing result after a predetermined delay 

45 time from when said input signal is received, 

a replica circuit having almost the same delay 
time as that of a critical path of said functional 
circuit, 

a delay detection circuit for detecting a delay 

50 time of said replica circuit, 

a control circuit for finding a power source volt- 
age by which a delay time of the replica circuit 
satisfies a predetermined reference value in ac- 
cordance with a delay time detected by said de- 

55 lay detection circuit, finding a power source 

voltage to be supplied to said functional circuit 
based on a relationship of a power source volt- 
age of said replica circuit and a power source 
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vottage of said functional circuit under the same 
operating conditions, and outputting a control 
signal in accordance with the power source 
voltage, and 

a voltage generation circuit for generating a 5 
voltage in accordance with said control signal 
and supplying it as said power source voltage 
to said functional circuit. 

6. A voltage supply circuit as set forth in claim 5, fur- 10 
ther comprising 

a database indicating a relationship of said rep- 
lica circuit and a power source voltage supplied 
to said functional circuit so that a delay time of *5 
said replica circuit and a delay time of the crit- 
ical path of said functional circuit becomes 
equal under the same operating conditions, 
wherein 

said control circuit finds a voltage for supplying 20 
to said functional circuit corresponding to said 
found voltage for supplying to said replica cir- 
cuit based on said database. 

7. A voltage supply circuit as set forth in claim 5, fur- 25 
ther comprising 

a formula indicating a relationship of said rep- 
lica circuit and a power source voltage supplied 
to said functional circuit so that a delay time of 30 
said replica circuit and a delay time of the crit- 
ical path of said functional circuit becomes 
equal under the same operating conditions, 
wherein 

said control circuit finds a voltage for supplying 35 
to said functional circuit corresponding to said 
found voltage for supplying to said replica cir- 
cuit based on said formula. 

8. A voltage supply circuit comprising *o 

a functional circuit for performing predeter- 
mined processing in accordance with an input 
signal at an operating speed based on a power 
source voltage supplied and outputting a *s 
processing result after a predetermined delay 
time from when said input signal is received, 
a delay detection circuit for detecting a delay 
time of said functional circuit, 

a control circuit for obtaining an amount of so 
change of a delay time corresponding to an 
amount of change of said power source voltage 
in accordance with a delay time detected by 
said delay detection circuit, deducing produc- 
tion conditions based on information regarding 55 
a power source voltage and a delay time under 
different production conditions found in ad- 
vance, finding a power source voltage to be 



supplied to said functional circuit under the de- 
duced production conditions, and outputting a 
control signal in accordance with the power 
source voltage, and 

a voltage generation circuit for generating a 
voltage in accordance with said control signal 
and supplying it as said power source voltage 
to said functional circuit. 

9. A voltage supply circuit as set forth in claim 8, fur- 
ther comprising 

a database indicating a relationship of said 
power source voltage and delay time under dif- 
ferent operating conditions, wherein 
said control circuit deduces production condi- 
tions based on an amount of change of said 
found power source voltage and an amount of 
change of said delay time and said database. 

10. A voltage supply circuit as set forth in claim 9, 
wherein said control circuit obtains a power source 
voltage by which said functional circuit normally op- 
erates under the production conditions based on 
said database in accordance with said deduced 
production conditions. 

11. A voltage supply circuit as set forth in claim 8, 
wherein said control circuit comprises 

a first storage means for storing a delay time 
detected at a previous time and a set power 
source voltage and 

a second storage means for storing a delay 
time detected at a current time and a set power 
source voltage. 

12. A voltage supply circuit as set forth in claim 11, 
wherein said control circuit calculates an amount of 
change of said power source voltage and an 
amount of change of a delay time in accordance 
therewith in accordance with data stored in said first 
and second storage means. 

13. A voltage supply circuit as set forth in claim 8, fur- 
ther comprising a replica circuit based on the critical 
path of said functional circuit. 

14. A voltage supply circuit as set forth in claim 13, 
wherein said delay detection circuit detects a delay 
time of said replica circuit. 

15. A voltage control method for supplying a minimum 
power source voltage by which a functional circuit 
for performing a predetermined function normally 
operates, including the steps of 

detecting a delay time of said functional circuit, 
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raising or lowering said power source voltage 
in accordance with said detected delay time 
and setting an amount of change at the time of* 
raising said power source voltage larger than 
an amount of change at the time of lowering it, 5 
and 

changing said power source voltage in accord- 
ance with said set amount of change and sup- 
plying it to said functional circuit. 

10 

16. A voltage control method as set forth in claim 15, 
including a detecting step for detecting a delay time 
of a replica circuit having substantially the same de- 
lay time as that of the critical path of said functional 
circuit. 15 

17. A voltage control method as set forth in claim 15, 
including a step of comparing said detected delay 
time and a predetermined reference value and de- 
termining an amount of change of said power 20 
source voltage in accordance with the result of com- 
parison. 

18. A voltage control method for supplying a minimum 
power source voltage by which a functional circuit 25 
for performing a predetermined function normally 
operates, including the steps of 

detecting a delay time of a replica circuit for 
monitoring a delay time of said functional cir- 30 
cuit, 

finding a power source voltage by which a delay 
time of the replica circuit satisfies a predeter- 
mined reference value in accordance with a de- 
tected delay time of said replica circuit, 35 
finding a power source voltage to be supplied 
to said functional circuit corresponding to said 
found power source voltage of the replica circuit 
based on a relationship of a power source volt- 
age supplied to said replica circuit and a power 40 
source voltage supplied to said functional cir- 
cuit under the same operating conditions, and 
generating said found power source voltage to 
be supplied to the functional circuit and supply- 
ing it to said functional circuit. 45 

19. A voltage control method as set forth in claim 18, 
including a step of finding a database indicating a 
relationship of a power source voltage supplied to 
said replica circuit and said functional circuit so that 50 
a delay time of said replica circuit and a delay time 

of the critical path of said functional circuit become 
equal under the same operating conditions. 

20. A voltage control method as set forth in claim 18, 55 
including a step of finding a formula indicating a re- 
lationship of a power source voltage supplied to 
said replica circuit and said functional circuit so that 



a delay time of said replica circuit and a delay time 
of the critical path of said functional circuit become 
equal under the same operating conditions. 

21. A voltage control method for supplying a minimum 
power source voltage by which a functional circuit 
for performing a predetermined function operates 
normally, including the steps of 

detecting a delay time of said functional circuit, 
obtaining an amount of change of a power 
source voltage supplied to the functional circuit 
and an amount of change of a delay time cor- 
responding to the amount of change of the pow- 
er source voltage in accordance with said de- 
tected delay time of the functional circuit, 
deducing production conditions based on said 
amount of change of the power source voltage 
and an amount of change of a delay lime and 
a relation between the power source voltage 
and the delay time obtained in advance and 
finding a power source voltage to be supplied 
to said functional circuit underthe deduced pro- 
duction conditions, and 

generating said power source voltage to be 
supplied and supplying it to said functional cir- 
cuit. 

22. A voltage control method as set forth in claim 21 , 
including a step of finding a database indicating a 
relationship of the power source voltage of said 
functional circuit and the delay time under different 
operating conditions. 

23. A voltage control method as set forth in claim 21 , 
further including the step of providing a replica cir- 
cuit for monitoring the critical path of said functional 
circuit and detecting a delay time of said replica cir- 
cuit at a predetermined power source voltage. 
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